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The mechanism by which cerebral vessels are di latated during arterial hypoxia and increased elec trical activity of the brain is still poorly understood (Astrup et aI., 1978; Kuschinsky and Wahl, 1978; Nilsson et aI., 1978; Rehncrona et aI., 1978; Siesjo, 1978; Winn et aI., 1981a; Dora, 1984a) . Recently, attention has been focused on the importance of adenosine in controlling cerebrovascular tone (Nilsson et aI., 1978; Rehncrona et aI., 1978; Schrader et aI., 1980; Emerson and Raymond, 1981; Heistad et aI., 1981; Winn et aI., 1981a; Morii et aI., 1983) . In theory, adenosine could fulfill a critical role in maintaining and adjusting cerebrovascular tone in the resting brain and during arterial hypoxia and epileptic seizures, respectively. Adenosine is a the brain cortices with 0.025 Vlml adenosine deaminase eliminated almost completely the vasodilative effect of 10-7 mol/ml adenosine. The inhibitory effect of the en zyme on adenosine-induced cortical vasodilatation was specific, because 5 Vlml adenosine deaminase did not attenuate the vasodilative potency of 10-8 mol/ml 2-chlo roadenosine. Adenosine deaminase (5 Vlml) pretreatment of the brain cortices did not diminish the cerebrocortical vascular volume, which increased with arterial hypoxia, topical cyanide poisoning, and direct electrical stimula tion. However, it slightly decreased the vasodilative ef fect of epileptic seizures. On the basis of these results, it seems very unlikely that adenosine is a critical factor in the control of cerebrovascular tone during arterial hy poxia and brain activation. Key Words: Adenosine Adenosine deaminase-Brain activation-Cerebrocor tical vasodilatation-Hypoxia. potent dilatator of pial and intracortical vessels (Berne et aI., 1974; Wahl and Kuschinsky, 1976; Heistad et aI., 1981; Kovach et aI., 1983) , and ac cording to some of the data from literature, the ce rebral adenosine level is rapidly increased during arterial hypoxia and epileptic seizures (Winn et aI., 1980 (Winn et aI., , 1981b Morii et aI., 1983) . However, on the basis of available data, it is difficult to assess pre cisely the importance of adenosine in the regulation of cerebral vascular resistance. The concentration of adenosine in the perivascular space of cerebral vessels has not yet been measured, and the level of adenosine in the rat brain is not increased during arterial hypoxia or epileptic seizures to values more than five to seven times 3.8 x 10-1 0 mol/g (Winn et aI., 1980 (Winn et aI., , 1981b . Furthermore, if, under these experimental conditions, the perivascular adeno sine concentration were the same as the cerebral adenosine content, adenosine could be responsible only for a minute vasodilatation [see the adenosine dose-response curves of Wahl and Kuschinsky (1976) and Kovach et al. (1983) ]. Besides this, avail able data from literature are inconsistent con cerning the role of adenosine in the maintenance of resting cerebrovascular tone (Wahl and Kus chinsky, 1976; Rehncrona et aI., 1978; Heistad et aI., 1981; Morii et aI., 1983) .
Because of these problems regarding the "aden osine theory," it seemed relevant to investigate fur ther the importance of adenosine in the regulation of cerebrovascular tone. For this purpose, topical treatment of the brain cortex with adenosine de aminase seemed to be an appropriate experimental tool. Adenosine deaminase potently deaminates adenosine to the nonvasoactive inosine, and, ac cording to the findings of Ververken et al. (1982) , readily penetrates isolated brain slices. It was ex pected that if the adenosine concentration in the vicinity of the pial and intracortical vessels of the resting, hypoxic, and activated brain were in a va soactive range, adenosine deaminase treatment would produce vasoconstriction in the resting brain and would distinctly inhibit the vasodilative effect of hypoxia and brain activation.
Here we report that prolonged superfusion of the resting brain cortex with CSF containing 0.025 UI ml adenosine deaminase slightly decreased cerebro cortical vascular volume, but did not alter cerebro cortical blood flow. Topical treatment of the brain cortex with 5 U Iml adenosine deaminase did not attenuate markedly the functional hyperemic and hypoxic responses of cortical vessels. These results suggest that adenosine is probably not a critical factor in the regulation of cerebrovascular tone. A short summary of our results has already been pub lished (Dora et aI., 1983) .
METHODS
The experiments were carried out on 25 male cats (weighing 2.5-3.5 kg), anesthetized by 50-60 mg/kg u-D glucochloralose (Sigma), immobilized by 5 mg/kg gal lamine triethiodide (American Cyanamid), and ventilated with a Harvard respirator (no. 671). The volume and rate of respiration were set to maintain arterial P02 and Peo2 at -100 and 32 mm Hg, respectively. Arterial pH was between 7.35 and 7.4. When it was lower than this, an appropriate amount of sodium bicarbonate solution (2.5%) was infused into the femoral vein. The trachea, femoral arteries, one of the lingual arteries, and femoral veins were cannulated. Before introducing the cannulae into the blood vessels, they were filled with heparinized physiological saline solution.
The heads of the animals were mounted in stereotaxic stands, and the skin and muscles were removed from both sides of the skull. A 12-mm-diameter hole was drilled in the left parietal bone, and the dura was opened. The bleeding from dura and bone was stopped by gelfoam J Cereb Blood Flow Metabol. Vol. 4, No.3, 1984 (Upjohn) and bone wax (Ethicon). A cranial window was fixed into the burred hole with dental cement, as de scribed before (Dora, 1984a) . Electrical activity of the exposed brain cortex and the other hemisphere was mea sured by silver electrodes built into the plastic ring of the cranial window and by copper screws fixed into the right parietal bone. The intracranial pressure was measured by metal tubes sealed also into the plastic ring of the cranial window (Dora, 1984a) . The reference electrode was pinched to the temporal muscles.
The artificial (mock) CSF of Wahl and Kuschinsky (1976) was used for dissolving adenosine, 2-chloroaden osine, and adenosine deaminase (Type III) (all were obtained from Sigma) and for superfusing the brain cortex. The mock CSF was thermostated at 38°C and bubbled with 5% CO2 balanced in air. The composition of the mock CSF was Na+ 156 mM,K+ 3 mM,Ca 2 + 1.5 mM,Cl-151 mM. and HCO] 11 mM (pH 7.20-7.25) . The stock solutions of adenosine, 2-chloroadenosine, and adenosine deaminase were diluted with mock CSE The pH of the mock CSF was not altered by any of these substances. The temperature of the perfusate, when it reached the brain, was -37°C [for other details of our superfusion technique, see Dora (1984a) and Kovach et al. (1983) ]. Cerebrocortical NADH fluorescence and reflectance were measured as described before (Dora and Kovach, 1982; Kovach et aI., 1983) . Briefly, an area of I-mm di ameter in the suprasylvian gyrus, where the diameter of the visible pial vessels was <50 fLm, was excited at 366 nm through the internal lens of the Ultropak objective (6.5; Wetzlar, ER.G.). The emitted NADH fluorescence (450 nm) and the reflected light (sum of the scattered and reflected light at 366 nm) were measured by photomulti pliers (EMI, England) using appropriate optical filters. The changes in NADH fluorescence caused by the alter ations of tissue blood content were corrected according to Harbig et al. (1976) and Dora and Kovach (1982) .
Reflected light, measured at 366 nm, was used to in dicate the changes in tissue blood content, i.e., vascular volume (Eke et aI., 1979; Dora and Kovach, 1982; Ko vach et aI., 1983; Dora, 1984a) . In some of the experi ments, cerebrocortical vascular volume and mean transit time of cortical blood flow were measured. Blood flow was calculated according to Eke et al. (1979) ; i.e., relative changes in cerebrocortical blood flow were calculated by dividing the percentage values of the cerebrocortical vas cular volume by the percentage values of mean transit time (trn) (Meier and Zierler, 1954; Eke et aI., 1979) . The reflectance value measured on the normal brain cortex at the beginning of the experiments was regarded as 100% cerebrocortical vascular volume. To determine the ref erence value of tm, 0.1-0.3 ml isoosmotic and oxygenated dextran solution was injected into the lingual artery, and from the hemodilution-induced reflectance reactions, trn was calculated with the area over height analysis (Meier and Zierler, 1954) . This tm value was regarded as 100%. After the reference value of tm had been determined, ox ygenated saline solution was injected into the lingual ar tery to determine the change in the continuously moni tored cortical reflectance that corresponded to the differ ence between normal blood content and no blood, i.e., 100 and 0% cerebrocortical vascular volume. For the later calculations of the relative changes of cerebrocortical vascular volume and cerebrocortical blood flow, this re flectance change was scaled linearly. The linear scaling is appropriate, because in in vitro model experiments we demonstrated a reasonably good linear relationship (cor relation coefficient 0.96) between the blood content and reflectance of the samples (Dora, 1984b) . In these in vitro experiments, the blood content of the samples was varied from zero to that blood concentration that may occur in the brain cortex when the vessels are maximally dila tated.
The Po2, Peo2, and pH of the arterial blood and CSF samples were determined in every experiment (BMS3 Mk2 blood gas analyzer; Radiometer). The rectal tem peratures of the animals were maintained at 37°C by an infrared lamp and a temperature regulator (73/A; YeI lowspring). The following parameters were recorded on an eight-channel Hewlett-Packard polygraph: cerebro cortical uncorrected and corrected NADH fluorescence reflectance; arterial blood pressure and intracranial pres sure (Statham P 23/d electromanometers); electrocorti cogram of the superfused and nonsuperfused brain cortex. CO2 percentage in the expired air was measured by a medical gas analyzer (LB-2; Beckman).
Experimental procedure and analysis of the data
Before the effects of topical adenosine deaminase treat ment on hypoxic and functional hyperemic responses of cerebrocortical vessels were tested, we measured the spectral characteristics and specific activity of the en zyme. The spectral characteristics (absorption between 300 and 500 nm) were determined with a Perkin-Elmer spectrophotometer (Hitachi 200). The same instrument was used to measure the specific activity of adenosine deaminase diluted with our mock CSF (pH 7.20-7.25; temperature 37-38°C) and the phosphate buffer (pH 7.50; temperature 25°C) prescribed by Sigma. The absorbance of adenosine-(12 mg/L) and adenosine deaminase-(�0.02 U) containing solutions was measured at 265 nm, and the changes in absorbance following the addition of adeno sine deaminase were detected for 10 min. Using the equa tion of Sigma and the mean change in absorbance deter mined from the changes that occurred during the first 4 min, the specific activity (U/mg protein) of adenosine de aminase was calculated. These measurements showed that the enzyme (5 U/ml in mock CSF) has no absorption between 300 and 500 nm, and that its activity in mock CSF is practically the same as in phosphate buffer.
The penetrability of adenosine deaminase (molecular weight 32,000-35,000) into the brain cortex was tested as follows. First we determined the vasodilative potency of 10-7 mol/ml adenosine applied by 3-min superfusion to the brain cortex, and second, the brain cortices were su perfused also for 3 min with CSF containing 10-7 mollml adenosine and various concentrations of adenosine de aminase (from 0.01 to 0.1 U/ml). Knowing the specific activity of the enzyme, in separate experiments the brain cortices were superfused for 20 min with 0.025 U/ml adenosine deaminase (deaminates �2.5 x 10-8 mol/ml adenosine per min), and following that for 3 min with CSF containing 0.025 U/ml adenosine deaminase plus 10-7 mol/ml adenosine. It was assumed that if adenosine de aminase readily penetrated the brain cortex, this pretreat ment would result in almost complete inhibition of the vasodilative effect of 10-7 mol/ml adenosine (during the �3-min period of superfusion, 7.5 x 10-8 mol/ml aden osine was already deaminated in the perfusing syringe and tubes).
To obtain information on the rapidity of penetration of adenosine deaminase into the brain cortex, we compared the recovery kinetics of cerebrocortical vascular reac tions evoked by superfusion of the brain cortices for 6-8 min with 10-7 mol/ml adenosine. After the adenosine induced cortical vasodilatation reached a quasi-steady state value, the brain cortices were washed with either mock CSF or CSF containing 5 U/ml adenosine deami nase. It was expected that if adenosine deaminase were able to cross the pial membrane rapidly, the washout with it would considerably decrease the recovery time of aden osine-induced cortical vasodilatation. Under our experi mental conditions, the fluid staying beneath the cranial window was exchanged � 10 timeslmin (the volume of the fluid staying beneath the cranial window was �0.1 ml; the rate of superfusion was I ml/min). The specificity of action of adenosine deaminase was tested with 10-8 mol/ml 2-chloroadenosine, a stable an alog of adenosine. 2-Chloroadenosine is not deaminated by adenosine deaminase and is taken up less rapidly by the brain than adenosine (Winn et aI., 1981c) . First, the brain cortices were superfused for 3 min with 2-chloro adenosine, and second, after 15-20 min of topical aden osine deaminase (5 U/ml) treatment, a mixture of 10-8 mol/ml 2-chloroadenosine and 5 U/ml adenosine de ami nase was applied by superfusion.
Because adenosine deaminase is dissolved in 50% glyc erol, we also tested the effects of that concentration of glycerol contained by the 0.025 U/ml and 5 U/ml adeno sine deaminase solutions. In the first case, the cerebro cortical vascular volume and the NAD/NADH redox state were not altered; in the second case, cerebrocortical vascular volume and NAD reduction were slightly in creased.
To elucidate the importance of extracellularly released adenosine in the hypoxic and functional hyperemic re sponses of small pial and intracortical vessels, the fol lowing test reactions were applied: arterial hypoxia evoked by 3-to 4-min respiration of the animals of a gas mixture containing 6% oxygen in nitrogen; topical his totoxic hypoxia evoked by �2-min superfusion of the brain cortices with CSF containing 10-6 mol/ml potas sium cyanide; transient epileptic seizures evoked by in jecting 4-8 mglkg Metrazol (Knoll) into the lingual artery; electrical activation of the brain cortex carried out with square-wave electrical impulses (4-10 V, 0.5 ms, 15 cy cles; Grass SD stimulator) lasting for 30 s.
To pical histotoxic hypoxia and direct electrical stimu lation were used because these experimental procedures induce local changes in the exposed brain cortex, but do not affect systemic circulation or arterial blood gases. The test reactions were first applied on mock CSF and repeated on 5 U/ml adenosine-superfused brain cortices. Before repeating the test reactions, the brain cortices were superfused for 15-20 min with 5 U/ml adenosine deaminase. Electrical stimulation and epileptic seizures were applied in the same experiments, arterial hypoxia and histotoxic hypoxia in separate series of experiments.
The results are expressed as means ± SE. Statistical analysis of the data was performed by analysis of vari ance and modified t test. Figure 1 shows the potency of 10 -7 mol/ml aden osine in dilatating cerebrocortical vessels with and inversely related to changes in vascular volume) obtained during superfusion of the brain cortices with 10-7 mol/ml ADO was regarded as 100%. Significance of changes be tween the vasodilative effect of 10-7 mol/ml ADO and 10-7 mol/ml ADO plus various concentrations of ADA is marked by asterisks (***p < 0.001). Significance of changes as com pared with the referece value of R (0%) is marked by small circles (OOp < 0.01; ooo p < 0.001).
RESULTS
without additions of various concentrations of adenosine deaminase. Approximately 3-min super fusion of the brain cortices with 1O�7 mol/ml aden osine decreased cortical reflectance by 11.7 ± 0.4%, indicating that the cortical vessels were markedly dilatated (reflectance is inversely related to changes in tissue blood content, i.e., vascular volume). This vascular reaction was regarded as 100%. When the brain cortices were superfused with a mixture containing 10�7 mol/ml adenosine and 0.1 Vlml adenosine deaminase, significant in creases in cerebrocortical vascular volume were not obtained (0.1 Vim I adenosine deaminase deami nates 1O�7 mol/ml adenosine per min). At a con centration of 0.025 Vlml adenosine deaminase, 1O�7 mol/ml adenosine decreased cortical reflectance by 6.8 ± 0.1%, which is 58.7 ± 1.6% of the vascular reaction evoked by 1O�7 mol/ml adenosine alone. Ta king into account that 1O�8 mol/ml adenosine de creases cortical reflectance by 9 ± 0.3% (Kovach et ai., 1983) and that 0.025 Vlml adenosine deami nase is able to deaminate �2.5 x 1O�8 mol/ml aden osine per min in the perfusing syringe and tubes (7.5 x 1O�8 mollml adenosine during the 3-min super fusion period), the results indicate that considerable amounts of adenosine deaminase diffused into the brain cortex.
On the basis of these results, we assumed that prolonged (20-min) pretreatment of the brain cor tices with 0.025 Vlml adenosine deaminase should result in a further decrease in the vasodilative po tency of 1O�7 moIlml adenosine. In theory, if aden osine deaminase penetrated to the same depth in the brain cortex as adenosine can diffuse and if the tissue adenosine deaminase concentration were in equilibrium with its concentration in the super fusate fluid, then one would not expect distinct va sodilatation from superficially applied 1O�7 mol/ml adenosine. As Fig. 2 demonstrates, 20-min pretreat ment of the brain cortices with 0.025 Vlml adeno sine deaminase resulted in a further decrease in the vasodilatatory and cerebrocortical blood flow-in creasing potency of 1O�7 mol/ml adenosine. Fol lowing this pretreatment, 1O�7 mol/ml adenosine did not increase significantly cortical vascular volume or blood flow as compared with the refer ence values (regarded as 100%). This result shows that the pial membrane and the brain cortex are permeable to adenosine deaminase; hence, after a prolonged period of superfusion, the tissue adeno sine deaminase concentration may not be much smaller than in the superfusate fluid. Concerning the penetrability of adenosine deaminase into the brain, our results correspond to the findings of Ververken et al. (1982) who showed on 0.25-mm thick brain slices that adenosine deaminase, even after a 5-min period of incubation, inhibits com pletely the production of cyclic AMP evoked by 10-7 mol/ml adenosine. Vnder our experimental conditions, 95% of the optical signals are derived from the upper 0.2-mm-thick layers of the brain cortex (D6ra, 1984b) .
Superfusion of the brain cortices with 0.025 Ulml adenosine deaminase decreased cerebrocortical vascular volume by 5.2 ± 0.2% (p < 0.001), but since the mean transit time of cortical blood flow was also decreased, the blood flow remained unal tered (not shown). The vasoconstrictive effect of adenosine deaminase indicates that adenosine may contribute to the maintenance of the resting tone of some of the cortical arterioles, although this con tribution is very small (superfusion of the brain cortex with 10-9 mollml adenosine increases cor tical vascular volume and blood flow by 14.5 ± 0.9 and 26.3 ± 2.2%, respectively; E. D6ra, unpub lished observations).
The rapidity of the penetration of adenosine de aminase into the brain cortex is indicated in Fig. 3 .
In these experiments, the brain cortices were con secutively superfused for 6-8 min with 10-7 moll ml adenosine and (after washing) with either CSF or CSF containing 5 U/ml adenosine deaminase. Adenosine (10-7 mol/ml) decreased cortical reflec tance by 14.7 ± 0.9 and 16.6 ± 1.1%, respectively, during the first and repeated applications. These changes in reflectance were regarded as 100%. As can be seen, washout with CSF containing adeno sine deaminase resulted in much faster recovery as compared with that with CSF alone. The faster re covery of adenosine-induced cortical vasodilatation obtained during washout with adenosine deaminase is interpreted as being due to the rapid penetration of adenosine deaminase into the brain cortex, and hence deamination of free adenosine in the extra cellular space. The faster recovery cannot be attrib uted to the rapid deamination of adenosine staying in the space between the brain cortex and the cra nial window, because the fluid in this space is ex changed 10 timeslmin, and I-min washout with CSF alone did not discernibly decrease the magnitude of cortical vasodilatation evoked by 10-7 mollml aden osine.
To exclude the possibility that adenosine deami nase inhibited the adenosine-induced vasodilatation in some unspecific way, we tested the effect of 5 VI ml adenosine deaminase (deaminates 5 x 10-5 moll ml adenosine per min) on 10-8 mollml 2-chloro adenosine-induced cortical vasodilatation. 2-Chlo roadenosine dilatates cerebral vessels by binding to adenosine receptors, but it is not de aminated by adenosine deaminase and is not taken up as rapidly by the brain as adenosine (Winn et aI., 1981c) . As Fig. 4 shows, adenosine deaminase did not alter the vasodilative potency of 2-chloroadenosine; conse quently, adenosine deaminase specifically inhibited (by deaminating adenosine to the nonvasoactive in osine) the vasodilative effect of adenosine. Similar results were obtained by Proctor and Duling (1982) on the vessels of striated muscle.
After the first and second application of 2-chlo roadenosine, cerebrocortical vessels remained di latated (cortical reflectance and consequently un corrected NADH fluorescence decreased; Fig. 4 ). These were real changes and correspond to the find ings of Winn et al. (1981c) , who showed that 2chloroadenosine produces a long-lasting cerebro cortical blood flow increase.
In later experiments, in which we investigated the possible importance of extracellularly released adenosine in the control of cerebrocortical vascular tone during hypoxia and increased cerebral elec trical activity, the brain cortices were pretreated at least for 15 min with 5 Vlml adenosine deaminase, Effect of prolonged superfusion of the brain cortex with 5 U/ml adenosine deaminase on the vasodilative po tency of 10-8 mol/ml 2-chloroadenosine (CADO) in a single experiment The direction of increase and the calibration of the recorded variables are shown before each trace. Arrows indicate the start and the end of the superfusions of the brain cortex with CADO. The start of adenosine deaminase super fusion is also indicated by an arrow above the time scale. Recorded parameters from top to the bottom: F and CF, un corrected and corrected NADH fluorescence; R, reflectance (inversely related to changes in vascular volume); BP, arterial blood pressure; ICP, intracranial pressure. Spikes on F and R traces were evoked by injecting 0.1 ml oxygenated dextran solution into the lingual artery for correction purposes. and the superfusion was maintained even during the test reactions. Probably owing to the glycerol con tent of adenosine deaminase Type III (at 5 U/ml the glycerol content is �0.25%), cortical vascular volume and NAD reduction were slightly increased by superfusing the brain cortices with 5 U/ml aden osine deaminase (cortical reflectance -2.5 ± 1.8%; corrected cortical NADH fluorescence 4.7 ± 0.7%).
The effects of 5 U/ml adenosine deaminase treat ment on the cortical vascular and NAD/NADH redox state responses evoked by arterial hypoxia, topical histotoxic hypoxia (10-6 mollml KCN su perfusion), transient epileptic seizures, and direct electrical stimulation of the brain cortex are sum marized in Ta ble 1. As can be seen, except for epi leptic seizures, these experimental test reactions re sulted in similar changes in cortical vascular volume (blood content) in the mock CSF-and adenosine deaminase-superfused brain cortices. In the aden osine deaminase-treated cortices, epileptic seizures led to slightly but significantly smaller increases in cortical vascular volume than in the mock CSF-J Cereb Blood Flow Metahol, VoL 4, No.3, 1984 superfused cortices. The NAD-reducing potency of these experimental test reactions was not altered significantly by adenosine deaminase treatment. This finding, particularly in cases of arterial and histotoxic hypoxia, also suggests that adenosine may not be a critical factor in the regulation of ce rebrovascular tone during hypoxia. Corresponding to this conclusion, adenosine deaminase treatment failed to produce electrocorticographic depression during arterial hypoxia; i.e., brain hypoxia during respiration of 6% O2 was of similar severity in the mock CSF -and adenosine deaminase-treated brain cortices (not shown). If adenosine were a crit ical factor, arterial hypoxia in the enzyme-treated brain cortices should have resulted in much greater NAD reduction and pronounced electrocortico graphic depression as compared with the mock CSF-superfused cortices.
In Fig. 5 , the effects of adenosine deaminase treatment in a single experiment on direct electrical stimulation-and epilepsy-induced cortical vascular volume and NAD/NADH redox state reactions are demonstrated. Owing to the continuous superfusion of the brain cortex with mock CSF and CSF con taining adenosine deaminase, intracranial pressure remained constant during direct electrical stimula tion and epileptic seizures as the skull was open. In the mock CSF-superfused brain cortex (Fig. 5,  left) , direct electrical stimulation of the brain cortex and epileptic seizures resulted in a marked increase in cortical vascular volume (cortical reflectance de creased) and NAD reduction (corrected cortical NADH fluorescence increased). Similar to that shown in Fig. 4 , adenosine deaminase superfusion led to slight vasodilatation and NAD reduction (Fig.  5, right) . In the adenosine deaminase-treated brain cortex, direct electrical stimulation brought about similar changes in cortical vascular volume and NAD/NADH redox state as compared with those obtained in the mock CSF -superfused brain cortex. Epileptic seizures, evoked after prolonged adenosine deaminase treatment, led to slightly smaller increases in cortical vascular volume and NAD reduction than in the mock CSF-superfused brain cortex.
DISCUSSION

Penetrability of superficially applied adenosine deaminase into the brain cortex
In the present study, changes in cerebrocortical microcirculation produced by adenosine, 2-chlo roadenosine, adenosine deaminase, hypoxia, and brain activation were measured by reflectometry. This technique is appropriate for this purpose, be- cause the effective penetration depth (0.2 mm; Dora, 1984b) of the 366-nm exciting light is in the same range as the diffusion depth of the topically applied adenosine (Winn et aI., 1981c) , and topi cally applied adenosine deaminase, owing to its rel-atively large molecular weight (32,000-35,000), may diffuse only into the superficial layers of the brain cortex. Because it was a critical point in our studies whether adenosine deaminase was able to diffuse to that depth in the brain cortex from which most of the optical signals are derived, we devoted several series of experiments to elucidate this ques tion. It was found that prolonged pretreatment of the brain cortices with 0.025 Vlml adenosine deaminase inhibited almost completely the vasodilatatory ef fect of 10-7 mol/ml adenosine (the final concentra tion of adenosine in the superfusate fluid at the end of 3-min superfusion was �2.5 x 10-8 mol/mI). In addition, we showed that washing the brain cortices with 5 Vlml adenosine deaminase markedly accel erated the recovery kinetics of cortical vascular reactions evoked by 10-7 mol/ml adenosine. These results clearly indicate that superficially applied adenosine deaminase is able to cross the pial mem brane and to diffuse to the same depth of brain cortex as topically applied adenosine. Furthermore, because 20-min pretreatment of the brain cortices with 0.025 Vlml adenosine deaminase inhibited al most completely the 10-7 mol/ml adenosine-in duced cortical vasodilatation, it may be assumed that the adenosine deaminase concentration in the tissue after prolonged treatment is not much lower than that in the superfusate fluid. This assumption agrees with the experimental findings of Ververken et al. (1982) and the calculations of Proctor and Duling (1982) . The latter investigators, using the equation described for a one-dimensional diffusion process and a sheet of tissue thickness of 0.2 mm, calculated that after a 10-min equilibration period, the tissue adenosine deaminase concentration should be at least 90% that of the superfusate fluid.
Because superficially applied adenosine is rapidly taken up by the brain cortex (Winn et aI., 1981c) , from the inhibitory effect of prolonged adenosine deaminase treatment, it is difficult to calculate the exact concentration of this enzyme in the cortical extracellular space. However, taking into account that topically applied 10-8 and 10-7 mol/ml 2-chlo roadenosine (stable analog of adenosine) increases cerebrocortical blood flow by approximately two fold as compared with the same concentrations of adenosine (E. Dora, unpublished observations) in the cat brain cortex, it is not likely that the cortex takes up more than one-half of the adenosine em ployed in superfusion.
Therefore, because prolonged 0.025 Vlml aden osine deaminase treatment of the brain cortices in hibited almost completely the 10-7 mol/ml adeno sine-induced increase in cerebrocortical blood flow, it is reasonable to assume that the concentration of the enzyme in the optically monitored brain cortex was at least 0.01 Vlml. Accordingly, in those ex periments in which the brain cortices were super fused for 15-20 min with 5 Ulml adenosine deam- Vol. 4, No. 3, 1984 inase, a more than sufficient amount of enzyme ac tivity should have been present in the cortex. Adenosine deaminase (1 VlmI) deaminates 10-6 mol/ml adenosine in 1 min, and according to the maximum estimation of Winn et al. (1981a,b) , the perivascular adenosine concentration is not in creased during arterial hypoxia or epileptic seizures to values of > 10 -7 mollml.
Is adenosine a critical factor in the regulation of cerebral vascular tone?
In our experiments, prolonged pretreatment of the brain cortices with 5 Vlml adenosine deaminase did not attenuate significantly the vasodilative po tency of arterial hypoxia, topical histotoxic hypoxia, or electrical activation of the brain cortex, and at tenuated only slightly that of epileptic seizures. The vasodilative potency of these test reactions was as sessed from the alterations of cortical blood con tent, i.e., vascular volume, measured by reflec tome try. Although most of the blood in the brain cortex stays in the veins, with the contribution of arteries being comparatively smaller, measurement of the alterations of cortical blood content is appro priate to clarify the role of adenosine in the regu lation of cerebrovascular tone during hypoxia and brain activation. Risberg et al. (1969) , using isotope techniques to measure cerebral blood content and blood flow, revealed a strict linear relationship be tween the increase of cerebral blood content and blood flow at various severities of arterial hyper capnia. Corresponding to their data, we also found a linear relationship between the changes of cere brocortical blood content and blood flow at various concentrations of adenosine and 2-chloroadeno sine, applied by superfusion onto the brain cortex (E. Dora, unpublished observation).
Profound arterial hypoxia and epilepsy lead to approximately maximum dilatation of the cerebral arterial vessels, and the cerebral veins behave pas sively under these experimental conditions [see Siesj6 (1978) for review]. Because of this, and be cause in our experiments the severity of arterial hypoxia and brain activation was identical in the mock CSF -and adenosine deaminase-treated brain cortices, it is very unlikely that the cerebro cortical veins behaved differently during the first and second application of the test reactions. In ad dition, the various physiological parameters (arte rial blood gases and pH, arterial blood pressure, intracranial pressure) were not significamly dif ferent at the first and second application.
Because adenosine deaminase treatment of the brain cortices had either no or only a slight inhibi tory effect on the vasodilative potency of hypoxia and brain activation, it seems unlikely that adeno sine fulfills a critical role in the regulation of cere brovascular tone under these experimental condi tions. Our results and conclusion agree with those of Nilsson et al. (1978) and Rehncrona et ai. (1978) but disagree with other data from the literature (Winn et aI., 1980 (Winn et aI., , 1981a Emerson and Ray mond, 1981; Heistad et aI., 1981; Wei and Kontos, 1981; Morii et aI., 1983) . Nilsson et ai. (1978) and Rehncrona et al. (1978) , using the in situ freezing technique, were unable to show a significant in crease in cerebrocortical AMP and adenosine con tent during profound arterial hypoxia and bicucul line-induced seizures. Consequently, these investi gators concluded that it seems unlikely that adenosine, formed by the breakdown of AMP, acts as a general coupling factor between cerebral blood flow and metabolism. However, Winn et ai. (1980 Winn et ai. ( , 1981b and Morii et al. (1983) , using the freeze-blow technique, demonstrated a five-to sevenfold in crease in cerebral adenosine content and approxi mately a twofold increase in cerebral AMP content under experimental conditions similar to those of Nilsson et al. (1978) and Rehncrona et al. (1978) . The exact causes of these disparate results are not obvious, because the severity of arterial hypoxia and epilepsy was similar, as were the normal levels of cerebral phosphocreatine, ATP, and adenosine in the experiments of both laboratories. Emerson and Raymond (1981) measured cerebro cortical blood flow in dogs with a venous outflow technique, and reported that 20 f.Lg/min theophylline infused into the brachiocephalic artery did not alter the resting blood flow. This result indicates that adenosine has no role in the maintenance of the vascular tone of the resting brain. Contrary to these findings, Heistad et al. (1981) showed that the aden osine uptake inhibitor dipyridamole increases ce rebrocortical blood flow by 2.7 times in the rabbit. The exact reason for this controversy is also ob scure. In our studies, superfusion of cat brain cor tices with 0.025 U/ml adenosine deaminase de creased cortical vascular volume by 5.2%, but since the mean transit time was also decreased, cerebro cortical blood flow remained unaltered; i.e., the in creased blood flow velocity compensated for the vasoconstriction. Our results, corresponding to other data from the literature (Wahl and Kus chinsky, 1976; Nilsson et aI., 1978; Emerson and Raymond; , indicate that adenosine has a neg ligible role in the maintenance of cerebrocortical blood flow in the resting brain. Wei and Kontos (1981) , using adenosine deami nase Type II (Sigma), reported that 15-min super fusion of cat brain cortices with 5 U/ml adenosine deaminase leads to almost complete inhibition of the vasodilative responses of pial arteries that were produced by profound arterial hypoxia. However, from the preliminary publication of Wei and Kontos (1981) , it is not known whether the specificity of adenosine deaminase action was tested. In our pilot studies (Dora et aI., 1983) , adenosine deaminase Type II resulted in marked alterations in the elec trocorticogram of the superfused brain cortex. Emerson and Raymond (1981) and Morii et al. (1983) , in theophylline-treated dogs and rats, ob tained 27 and 40% inhibition, respectively, of the cerebrocortical blood flow responses evoked by profound arterial hypoxia. The particularly pro nounced inhibition of the hypoxic cerebrocortical blood flow increase obtained by Morii et al. (1983) suggests that adenosine may be indeed a critical factor in its regulation during severe arterial hyp oxia. However, there were several questionable points in this study:
(a) The theophylline concentration in the CSF was <5 x 10-8 mol/ml in the experiments of Morii et al. (1983) . This concentration, when it is injected with micropipettes into the perivascular space of cat pial arteries, has only a slight inhibitory effect on the dilatation produced by 10-9 mol/ml adeno sine (Wahl and Kuschinsky, 1976) . On other hand, 10-9 and 10-8 mol/ml adenosine increases blood flow in the cat brain cortex only by 29 ± 3.5 and 52.4 ± 5.9%, respectively (E. Dora, unpublished observations). Therefore, besides the inhibition of cerebrovascular adenosine receptors, some other factors should have been also contributed to the smaller cerebrocortical blood flow-increasing ef fect of arterial hypoxia in the theophylline-treated animals.
(b) It was not reported by Morii et al. (1983) whether systemic theophylline treatment altered expired CO2% and arterial blood pressure. If, for instance, arterial blood pressure was decreased by theophylline treatment, the smaller increase in ce rebrocortical blood flow may have been partly due to the dilatation of cerebral vessels before arterial hypoxia was produced.
(c) In one of our studies (E. Dora, unpublished observations), neither systemic (2 x 10-7 mol/g) nor topical (10-7 mol/ml) theophylline treatment at tenuated the increase of cerebrocortical blood flow induced by profound arterial hypoxia.
The theory that adenosine is a critical factor in the regulation of cerebrovascular resistance is based on experimental findings that this substance is a potent dilatator of pial and intracortical vessels, and that its cerebral content is rapidly increased during arterial hypoxia and epileptic seizures [see Winn et aI. (1981a) for references]. The adenosine concentration of the resting rat and cat brain is on the order of 0.4-0.5 x 10-9 (Winn et aI., 1981b) and 1.2-1.3 x 10-9 (Schrader et aI., 1980) mol/g, respectively. These adenosine levels may be in creased five to seven times during arterial hypoxia and epileptic seizures [see Winn et aI., (1981a) for references]. However, if adenosine were distributed homogeneously in the brain between the extra-and intracellular spaces, such an increase in perivas cular adenosine concentration could account for a very minute vasodilatation [see the dose-response curves of Wahl and Kuschinsky (1976) and Kovach et aI., (1983) ]. To resolve the mismatch between the "adenosine theory" and the perivascular concen tration of adenosine, Winn et aI. (1981b) suggested that adenosine may stay exclusively in the extra cellular space, and that the perivascular adenosine concentration may be even much higher than in the extracellular space. The latter assumption was based on the finding that 5'-nucleotidase enzyme, which may be responsible for adenosine production in the brain, is located mainly in the cell wall of the glial footpads that surround blood vessels (Kreutz berg et aI., 1978; Schrader et aI., 1980) . However, recent data from the literature as well as our present findings indicate that Winn et aI. (1981 b) overestimated the adenosine concentration of the perivascular space by several orders of mag nitude:
(a) Considerable amounts of the adenosine mea sured in the whole brain may be stored intracellu larly in the form of S-adenosylhomocysteine (Red dington and Pusch, 1983) .
(b) Dephosphorylation of AMP may not be the only route by which adenosine is produced in the brain, because depolarized neurons release this substance directly into the extracellular space (Pons et aI., 1980) .
(c) The perivascular adenosine concentration in the pial arteries of the resting ca· brain is not in the vasoactive range; i.e., it is < 10 -11 mol/ml (Wahl and Kuschinsky, 1976) .
(d) Topical treatment of the brain cortices either with adenosine deaminase (present study) or with theophylline (E. Dora, unpublished observations) does not alter the resting cerebrocortical blood flow, and fails to attenuate the increase in blood flow produced by arterial hypoxia.
In conclusion, our results suggest that adenosine is not a critical factor in the regulation of vascular tone in the resting, hypoxic, or activated brain.
